Introduction
To measure the iron content in brain regions of patients with various neurological diseases using magnetic resonance imaging (MRI), three relaxometry metrics have been used: R2 (1/T2), R2* (1/T2*), and R2′ (R2*-R2, 1/T2′); [1] [2] [3] however, this has produced differing results. [4] [5] [6] One such neurological disease in which MRI has been used for this exact purpose is restless legs syndrome (RLS), also called Willis-Ekbom disease. 7 RLS is a neurological disorder with diminished brain iron content, particularly in the substantia nigra (SN), which can be identified in autopsy studies of the brain. [8] [9] [10] [11] [12] [13] Transcranial B-mode ultrasonography 14, 15 and MRI 4, 16 have further documented low brain iron concentrations in the SN of RLS patients.
Six studies have measured regional brain iron concentrations of RLS patients using MRI relaxometry metrics. 4, 6, [16] [17] [18] [19] These studies have provided inconsistent results with decreased, increased, or nonsignificant iron concentration differences for specific brain regions, especially for the SN. These differences may be due to the different methods used in these studies, both for delineating regions of interest (ROIs) (manual tracing, submit your manuscript | www.dovepress.com
Dovepress

342
Moon et al semi-automated tracing, and fixed-shape tracing) and also for relaxometry metrics (R2, R2*, and R2′).
To examine the possibility that differences in ROI methods and relaxometry metrics could account for the inconsistencies in iron concentrations in prior studies, we used two different methods for determining the ROI (fixed-shape vs semi-automated tracing) and different MRI metrics (R2, R2*, and R2′) in controls and RLS subjects. The SN was the primary ROI.
Materials and methods subjects
All of the participants prior to inclusion in the study gave written informed consent approved by the institutional review board of a regional hospital. Thirty-seven idiopathic RLS and 40 healthy control participants were included. All subjects underwent diagnostic clinical interviews by a board-certified Korean neurologist with expertise in RLS diagnosis. The validated Korean-language version 20 of the John Hopkins Telephone diagnostic questionnaire 21 was utilized. The severity of RLS symptoms was determined using the validated Korean version 22 of the International RLS scale (K-IRLS). 23 Only those diagnosed with idiopathic RLS (including iron deficiency but without anemia) based on clinical assessment and who had moderate-to-severe RLS symptoms (K-IRLS $15) were eligible as RLS subjects for this study.
Control subjects had to be free of any RLS symptoms determined by an answer of "no" to the first two questions on the RLS diagnostic questionnaire. Subjects were excluded if they were under age 18, pregnant, or had anemia, chronic organ failure, chronic inflammation, or altered iron metabolism (eg, hemochromatosis). Subjects were also excluded for any primary sleep disorder other than RLS such as insomnia, sleep-disordered breathing, circadian sleep disorders, and parasomnias, as assessed by the validated Korean-language versions of sleep questionnaires. [24] [25] [26] On the day of the MRI study, laboratory tests for serum iron levels, serum ferritin levels, and total iron binding capacity (TIBC) were performed in all of the RLS subjects and the 16 control subjects who permitted additional blood sampling on the day of MRI study. All the subjects underwent MRI scan during daytime when RLS subjects were largely asymptomatic.
imaging protocol MRI data were acquired by using a 3.0-T GE VHi scanner (GE Medical Systems, Milwaukee, WI, USA) with an eight-channel high-resolution brain coil as follows. 1) For T2 image analysis T2 and T2* maps were processed using an MRI analysis calculator plugin of ImageJ software (http://rsb.info.nih. gov/ij/). T2 and T2* maps were produced through a pixel by pixel fitting process using the Curve fitter class in ImageJ software. T2 and T2* maps were converted to R2 and R2* maps. R2′ maps, with R2′ = R2*-R2, were calculated by an image calculation function of ImageJ software. R2, R2*, and R2′ maps were obtained following reconstruction procedures. R2, R2*, and R2′ were each used to assess the regional iron concentration. Each of the five specific regions (caudate head, putamen, globus pallidus, red nucleus, and SN), delineated by two different methods discussed under the section titled Determining the ROIs, were independently analyzed. The primary ROI was the SN. The secondary measures of ROI were four other brain structures: caudate head, putamen, globus pallidus, and red nucleus. Relaxation rates for both right and left-side ROIs were averaged together.
One trained analyst (YSL) performed all the analysis. She delineated the ROIs both of two different methods on the spin-echo image for the slice with the best presentation of the area using software known as ImageJ and MIPAV (Medical Image Processing, Analysis, and Visualization) (http://mipav. cit.nih.gov/). She was blinded to the diagnosis of the subjects. To calculate inter-rater reliability, another trained analyst (MLS) repeated the same procedure for both measures in all five regions of the 15 randomly chosen subjects. A neuroradiologist (HWC) had trained both analysts.
Determining the ROis
ROIs can be determined by two methods: fixed-shape ROI method and semi-automated tracing ROI method (Figure 1 ). 1. Fixed-shape ROI method: Using the ImageJ software, a total of nine pixels were automatically drawn to include one anatomical center of the specific area and eight 
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MRi relexometry in restless legs syndrome neighboring pixels around the center, which can be determined by a brain anatomy atlas. 27, 28 The pixel size was approximately 1.614 mm 2 . For defining the red nucleus and the SN, we identified the axial slice where the red nucleus or SN was prominent (Figure 1 ). Then we placed the visually determined ROI at the central portion of the region. For defining the caudate head, putamen, and the globus pallidus ROIs, the axial section at the level of the anterior commissure was used. The anatomical center of the caudate head was visually determined at the central portion of the region, while in the putamen and globus pallidus, a virtual line which crossed the genu of that area in the axial slice was used as the center. Each image was visually inspected to make certain that signal loss did not occur in the ROI or in the surrounding tissue. The ROIs were carefully chosen to minimize the partial volume effects and to avoid possible artifacts. Each was drawn once on the transverse R2 map with the best view of the region and then transferred to the R2* and R2′ maps. All the measurements were performed twice by each trained analyst. The mean of the four measurements (two sessions of two measurements determined from each hemisphere) was used as the final measured value for each case. 2. Semi-automated tracing ROI method: We used the same brain images as used for the fixed-shape ROI method. For the SN and red nucleus, the analysts used MIPAV software to semi-automatically generate ROIs. This software used a tool ("Draw Levelset VOI") that requires an indication of one ROI area and then automatically draws an estimated border outline for that ROI. The borders of the ROIs can 
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Moon et al then be manually adjusted if well-defined ROIs are not generated. For the caudate head, putamen, and globus pallidus, the ROIs were manually traced without the use of this tool. This manual method attempted to capture the full anatomical ROI. 28 The ROIs were drawn only once on the same transverse R2 map used for the fixedshape ROI method and then transferred to the R2* and R2′ maps. As the SN is our primary ROI for this study and as a semi-automated tracing was used for this ROI, this method throughout the paper will be referred to as semi-automated with the understanding that for the basal ganglia delineation a fully manual method was used.
statistical analysis
The independent t-test was used for analyzing the mean value between the two groups, and an analysis of covariance test was used for adjusting age as a covariate. The Pearson product-moment correlations were calculated for: iron measures relation to each other and to disease severity, the K-IRLS total score, the sub-factor of the K-IRLS (symptom severity related), the serum ferritin level, the age of symptom onset, and disease duration. Inter-rater reliability on relaxation rate measurements was assessed using the Pearson productmoment correlation coefficient. Results were assumed to be significant at P,0.05.
Results
The clinical characteristics of the study populations are given in Table 1 . Between the RLS and control groups, there were no significant differences in age, sex, and serum ferritin level. In the RLS group, the disease duration was 132.7±121.1 months and the mean K-IRLS total score while off medication was 25.3±6.6. The percentage of subjects with prior dopaminergic treatment was 32.4% (12/37). None of the RLS patients showed any gross structural abnormalities of the brain.
The variance accounted for by the linear regression (r 2 ) between the three relaxometry metrics for the SN is shown in Figure 2 and the values for the other four brain regions are shown in Table 2 . Although R2 and R2* are purported to be valid measures of tissue iron concentration, the determinant of the coefficient indicates that minimal, if any, relationship exists between these two estimated iron concentration values irrespective of the methods used to define the ROI ( Figure 2A : r 2 =0.13 and Figure 2D : r 2 =0.01). Although R2′ is determined by the difference between R2* and R2, the correlation between SN values generated by R2′ and R2 techniques were no better than random or chance associations ( Figure 2B : r 2 =0.03 and Figure 2E : r 2 =0.02). Unlike the relationship between R2 and R2′, R2′ and R2* showed a reasonably close agreement for both the fixed-shape ( Figure 2C : r 2 =0.53, P,0.001) and the semi-automated tracing ( Figure 2F : r 2 =0.66, P,0.001) ROI methods. This would indicate that most of the determinants of R2′ are derived from R2* when used to estimate the iron concentration in the SN. Of the other ROIs (Table 2 ), the red nucleus using the semi-automated tracing ROI methods showed the strongest R2* to R2′ correlation (r 2 = 0.89, P,0.001) and the globus pallidus using the fixed-shape ROI method showed the weakest, though still statistically significant, correlation (r 2 =0.35, P,0.001). Overall, regardless of the ROI or the method used to determine that ROI, there were significant value agreements between R2′ and R2* with the strongest correlations generally being seen with the semi-automated tracing ROI method.
The inter-rater reliabilities of the iron concentration values for the SN were as follows: r=0.970 for R2′ using the fixed-shape ROI method and r=0.958 for R2′ using the semi-automated tracing ROI method. The inter-rater reliabilities for the SN using the other relaxometry metrics were also excellent (r=0.963 for R2, r=0.948 for R2* using the fixed-shape ROI method; r=0.964 for R2, r=0.941 for R2* using the semi-automated tracing ROI method). For the secondary ROIs, the inter-rater reliabilities ranged from 0.804 (globus pallidus, R2) to 0.994 (caudate head, R2) using the fixed-shape ROI method, and from 0.824 (caudate head, R2′) to 0.997 (red nucleus, R2′) using the semi-automated tracing ROI method. These results indicate a strong interrater agreement regardless of the ROI method or the relaxometry metrics used. Despite the ability of two individuals to consistently and reliably define the ROI, the two trace methods differ in the amount of variance introduced into the data. The mean area used in the SN for the fixed-shape ROI method was nine pixels with a standard deviation of zero. For the semi-automated tracing ROI methods, the mean area was 24.6 pixels with a standard deviation of 5.4. Given the differences in the total area covered and in the variance induced into the data, it is not surprising that the two methods produced results that were not strongly correlated. When used to determine the SN ROI, the variance accounted for by the regression for the two trace methods with the R2 determinations was essentially zero (Table 3 : r 2 =0.00). With R2* determinations, it was significant but very weak ( . The best agreement between the two trace methods for any given ROI occurs with R2* and R2′ determinations and is the poorest with the R2 determinations ( Table 3 ). The agreement between these methods for assessing iron concentrations is thus strongly affected by all the three factors examined in this study: the choice of ROI, the method for determining the ROI, and the T2 relaxometry measurement used. The findings from the SN are a good example to indicate the method-dependent nature of the outcome variable. The mean iron concentration values in RLS and controls groups for SN are shown in Table 4 . With the fixed-shape ROI method, the RLS group showed significantly lower iron concentrations for all three relaxometry metrics (R2, P=0.019; R2*, P=0.000; R2′, P=0.003) compared to the control subjects. There were, however, no significant differences between the RLS and the control subjects for any of the relaxometry metrics when the semi-automated tracing ROI method was used. The SN iron concentration of the RLS subjects as determined by the three relaxometry metrics did not correlate with serum ferritin (Table 4) or with the other serum measure of body iron stores (iron, TIBC, percent iron saturation). Clinical variables, including symptom severity, measured by the K-IRLS scale for both the total score (Table 4 ) and the subscale score (not shown) and the disease duration (not shown) did not correlate with the iron concentration of the SN determined by using either of the two ROI methods for any of the three relaxometry metrics. Table 5 provides the mean iron concentration values for the RLS and control groups as determined for the secondary ROIs. With the fixed-shape ROI method, the iron concentration values for the RLS group were significantly lower in the globus pallidus for all the three relaxometry metrics. Lower values in the RLS group were also found in the red nucleus with R2* and R2′ (P=0.01 for R2*, P=0.008 for R2′), caudate head with R2 (P=0.034), and in the putamen with R2* (P=0.001). However, in the semi-automated tracing ROI method, the iron concentration values for the RLS group was significantly lower only for the red nucleus with both R2* and R2′ relaxometric methods. The iron concentrations from the secondary ROIs, which were significantly lower in the RLS than control group, did not correlate significantly with either the serum iron indices or the clinical variables.
Discussion
Relaxometry techniques
Using postmortem brain samples, both R2 and R2* showed strong correlation with gray mater iron concentrations. 29, 30 In Parkinson patients vs controls, these two values, however, produced widely different results. 5 As tissue water diffusion may affect both R2 and R2* measures, postmortem brain tissue may not reflect the living tissue. 31 Hardy et al 32 assessed brain iron concentrations in live monkeys using the R2 relaxometry method and then sacrificed the monkeys to determine the tissue iron concentrations. They found a strong correlation between tissue iron concentration and R2 value.
32
R2′ value, which is mathematically derived from R2 and R2* (R2*-R2 = R2′), takes into account the field inhomogeneities and does not appear to be affected by the water diffusion properties of tissues that would affect R2 and R2* values. 31 Therefore, R2′ values have been considered by some to be the more accurate of the three measures for estimating tissue iron concentration, 31 but it is not without its limitations. 33 The values of R2′ and R2* significantly correlated with each other for all the ROIs and with both the methods in this study. However, the values of R2 and R2′ did not show any significant correlation in most of the brain regions with either of the ROI methods. These findings may partially explain the inconsistent results obtained in previous studies. There has been evidence that R2′ has a higher iron-related specificity due to the small iron-independent component compared with R2 (1/T2).
27,31
The high field strength (eg, 3.0 T) measurements of R2′ has the ability of measuring for small sized areas, such as the SN. 34 However, the increased field strength (3T vs 1.5T) may introduce more artifacts due to field inhomogeneity. 
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MRi relexometry in restless legs syndrome There are limitations to all the three relaxometry metrics and these issues have been previously reviewed. 35 Despite all the three relaxometry metrics having publications that support their value as measures of tissue iron concentrations, the current study shows how poorly these three values relate to each other. The strongest relation is between R2* and R2′ and weakest is between R2 and R2′, which is not dissimilar to what was found in the smaller study in Parkinson patients. 5 Finally, the current results indicate that different relaxometry methods are likely to produce varying results, and it remains unclear as to which, if any, of the methods provides the most accurate assessment of tissue iron in the living human brain. More recently, MRI methods using quantitative susceptibility mapping have been developed that appear to provide more accurate assessment of tissue iron concentrations.
36,37
Methods of determining the ROi
The two methods of defining the ROI compared in our study showed strong inter-rater agreement with almost all correlation higher than 0.9. Therefore, the difference between the two trace methods most likely lies in the number of pixels ROI is encapsulating. The fully manual tracing method was commonly used in previous studies to determine SN and other ROIs. The semi-automated tracing ROI method used in this study reflects that technique to a varying degree. In this study, the fully manual tracing method was used for defining ROI in the basal ganglia, while a semi-automated tracing ROI method was used for the SN and red nucleus ( Figure 1 ). As can be seen in Figure 1 , the semi-automated tracing ROI method is to a reasonable degree semi-manual and is therefore dependent on visualization of the SN boundaries whose high contrast in the R2 images is very much dependent on the iron content of the tissue. With the semi-automated tracing ROI method, we attempted to capture the full anatomical ROI. So, if the primary outcome is tissue iron concentration and the method for determining the tissue volume or ROI is influenced by that concentration, then that method may be biased against finding a difference, especially if the iron loss affects the peripheral aspects of the ROI. This may be one reason for the inconsistencies observed in RLS studies of SN iron concentration. As the red nucleus has a well-defined border that is less dependent on the iron contrast for R2 image tracing, we would expect more compatibility in the findings between the two methods consistent with our results.
The fixed-shape ROI method, on the other hand, is a fixed size in the center of the SN and thus is not dependent on the visualization of the SN boundaries. The fixed-shape ROI method had no variance in its size, while the semi-automated tracing ROI method for the SN had a variance which was 20% of the mean value. The fixed-shape ROI method compared to the semi-automated tracing ROI method will thus introduce substantially less variance into the data based on trace techniques. The fixed-shape ROI method, however, is biased toward a limited area within the total ROI. The limitation of this method is that it assumes homogeneity of affect but changes in the total ROI iron concentration may not be evenly distributed. Therefore, the iron concentration that is generated using the fixed-shape ROI method may not be representative of the total SN iron concentration. One interpretation of SN RLS results (Table 4) is that the iron is decreased in central region of SN where the fixed-shape was placed, but less so or not at all in other regions of the SN. This would potentially result in a diminishing effect when the total SN is assessed (ie, semi-automated tracing ROI method) depending, of course, on how much of the other parts of the total region also had a reduction in iron. The relation between the two trace methods as applied to the SN, though significant, was only moderate with the regression accounting for only 34% of the variance. The red nucleus had, in contrast, iron concentrations that were significantly lower for RLS group than controls for both trace methods and the regression accounted for 70% of the variance. These differences would be consistent with greater homogeneity in iron changes across the red nucleus than the SN.
MRI finding in RLS studies
All the three relaxometry methods have been used to assess iron concentrations in select brain regions and three different methods have been used to define the ROI (manual, semi-automated, and fixed-shape trace). 4, 6, [16] [17] [18] [19] 38, 39 The first study to use MRI to assess brain iron used R2′ method with 1.5 T MRI, manually traced ROI, and showed decreased SN iron. 16 A larger, repeat study by those investigators using R2′ method with 3T MRI, manually traced ROI, found decreased SN iron in RLS patients whose disease expression started before the age of 45 years but not in those with later disease onset.
4 R2-determined iron concentration has been the most commonly used technique in the study of RLS. 6, 7, 18, 39 The SN iron concentrations were reported as decreased (fixedshape method, 39 semi-automated method 17 ) or as not different (fixed-shape method, 18 semi-automated method 6 ). The only reported study using R2* method (1.5T MRI with fixed-shape ROI method) found no difference between the RLS and control groups for the SN. 19 Using these three techniques, studies have reported increased, 6 decreased, 17, 18, 39 and no difference 4, 19 in iron concentration of the other brain regions. Of those studies that had found a reduced iron concentration in the SN, three found correlation between SN iron concentration and RLS severity 4, 16, 39 while one study did not. 17 No study found an association between peripheral measure of iron and the SN iron concentration.
The studies that first suggested that RLS is associated with low brain iron content found that cerebrospinal fluid levels of the iron storage protein, ferritin, were reduced. 40, 41 This prompted further studies using different techniques, including MRI, to assess brain iron concentrations. Non-MRI-based iron assessments of the SN have supported the positive MRI studies that have shown decreased SN iron. Iron assessments of postmortem RLS brains have shown lower concentrations of iron in the dopaminergic neurons of the SN. 8, 9 In studies using B-mode ultrasound imaging of the midbrain, decreased SN iron has been reported in patients with RLS. 14, 18 In one study, the investigators found significantly reduced SN iron when subjects were assessed with B-mode ultrasound imaging but not with T2 (1/R2) methods using a 1.5T MRI with fixed-shape tracing method. 18 Therefore, there are substantial data that are independent of MRI studies, which indicate that iron concentrations in the SN are reduced.
One could argue that the "gold standard" is the autopsied-determined low SN iron in RLS. These results have been supported by alternative methods in the live individual (B-mode ultrasound imaging) and the question should therefore be asked, which MRI relaxometry and ROI methods have sensitivity to identify low iron content in the SN? However, the SN is a composite of distinct nuclear groups and is also anatomically divided into SN pars reticularis (SNr) and SN pars compacta (SNc). 42 Tissue iron concentrations are substantially higher in the SNr than in the SNc. The ability even with 7 T MRI to adequately discriminate between these two subregions of the SN is limited. 43 The work in RLS autopsy assessment of SN iron examined the cell bodies of the dopamine neurons which are primarily in SNc. 11 Therefore, while designing future techniques for the analysis of the iron content of the SN, one needs to consider whether all the ROIs or only selected subregions within the SN, which would be more appropriate as was recently done in patients with Parkinson's disease, should be considered. 43 
Conclusion
Despite the assumption made frequently in the literature that the three relaxometry techniques are good measures of tissue iron concentrations, the tissue values generated by R2 had weak or no association with the values generated by R2* and R2′, while these later two indices appear to have a moderate to strong association. The R2* to R2′ relationship, as good as it is, is still markedly dependent on both the trace methods used to delineate and possibly the actual volume of the ROI and also on the ROI that is evaluated. The method that may work to define the iron status in one area (eg, T2* with manual trace method in the red nucleus) may not work in another area (eg, SN). Our study, consistent with the two prior studies using R2′, 4, 16 found a lower SN iron concentration in RLS subjects than controls, which was significant with one trace method but not the other.
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